It has become increasingly evident that the methylation of DNA, known as an epigenetic marker, affects behavior in animals. In our previous study, a methyl-donors (folate, methionine, and choline)-deficient (FMCD) diet during the juvenile period could be shown to affect anxiety-like behavior and fear memory, accompanied by alteration in some gene expression and their methylations in the hippocampus. One question is whether the fear memory of a parent affects the fear responses of offspring. To explore this question in the present study, C57BL/6 J male (F0) mice were given a FMCD diet from 3 to 12 weeks of age. After confirming the effect of the FMCD diet on the behavior and gene expression of F0 mice, their male offspring (F1-FMCD mice) were examined using the same behavioral batteries and genetic analysis. F0 diet-based differences in F1 behavior were observed, accompanied by the differences in the expression of memory-related genes (Camk2α and PP1) and promoter methylation of the PP1 gene in the hippocampus. Our results add evidence that behavior and gene expression of the F1 generation could be altered due to differences in the father's intake of methyl-donor nutrients.
| INTRODUC TI ON
It has become increasingly evident that the methylation of DNA, known as an epigenetic marker, plays a significant role in the development of neurological, neurocognitive, and neurobehavioral disorders (McGowan & Kato, 2008; Tsankova, Renthal, Kumar, & Nestler, 2007) . Accumulating evidence suggests that epigenetic changes such as DNA methylation in specific regions in the brain might occur more rapidly and dynamically than once expected in response to external stimuli. For example, DNA methylation of specific genes (PP1 and reelin) in the hippocampus was altered following contextual fear learning (Miller & Sweatt, 2007) . Early life stresses such as insufficient maternal care or abuse during development can alter DNA methylation levels in several genes implicated in anxiety and affect their stress responses after development Heim et al., 2000; McGowan et al., 2009; Weaver et al., 2004; Wu, Patchev, Daniel, Almeida, & Spengler, 2014) . Based on these pieces of evidence, we have examined the chronic effects of a diet deficient in methyl donors (folate-methionine-choline-deficient diet; FMCD) on learning and memory in mice. In our previous studies on F0 male mice, dietary methyl-donor deficiency in adolescence from 3 to 6 weeks induced some abnormal behavior and memory reduction accompanied by altered methylation status in the hippocampus (Ishii et al., 2014; Tomizawa et al., 2015) .
Recently, numerous researchers have focused on the inheritance of epigenetic markers, specifically DNA methylation, as a mechanism by which environmental effects on the individual carry over to the next generation. Although few details are known about the molecular interactions underlying such transgenerational inheritance of acquired characteristics, molecules that mediate transmission (e.g., small RNAs, histone modifications, and DNA methylation) have been studied as potential factors. In a sophisticated study by Dias and Ressler (2014) , odor fear conditioning in F0 male mice caused changes in DNA methylation to odor receptor genes, which proved to be long-term, germline epigenetic alterations, with both F1 and F2 generations inheriting increased odor fear sensitivity. Recent data have shown that effects on sperm DNA methylation can be transmitted to offspring and are associated with abnormal behavior and dysregulated gene expression; furthermore, the methylation status is causally linked to the risk of disease later in the offspring's life (Jenkins, Aston, Meyer, & Carrell, 2015; Milekic et al., 2015) .
However, there are many criticisms and controversies concerning these studies describing transgenerational inheritance (Francis, 2014) .
As verifying the hypothesis of a transgenerational effect was a main purpose of this study, we first investigated whether dietary methyl-donor deficiency in the male parent (F0) could affect both behavior of the father and those of the next generation (F1) when compared with male parents and offspring fed a normal diet.
Second, to address the molecular basis of behavior, the expression and methylation status of genes especially related to memory and highly expressed in the hippocampus were investigated. Finally, we investigated whether long-term methyl-donor deficiency during the developmental period induced abnormal methylation status of imprinted genes in sperm DNA.
| MATERIAL S AND ME THODS

| Ethics statement
All experimental procedures were approved by the Chiba University Graduate School of Medicine Animal Care and Use Committee (The approval number, 27-177) and they followed the Chiba University Graduate School of Medicine Ethics Guideline for Care and Use of Laboratory.
| Animals
C57BL/6 J F0 male and female mice were purchased at 3 and 9 weeks old, respectively (Japan SLC, Inc., Shizuoka, Japan). Mice were housed 4/cage at a constant temperature (24 ± 1°C) and kept on a 12-hr light/dark cycle (lights on at 07:00 hr; lights off 19:00).
They were given ad libitum access to food and water. A schematic diagram of all experiments is shown in Figure 1 .
| Diets
For the experimental group, we used a folate-methionine-cholinedeficient (FMCD) diet lacking the three methyl donors: folic acid (0 mg/kg), L-methionine (1.8 g/kg), and choline (0 g/kg) (Oriental Yeast Co., Ltd., Tokyo, Japan). From the 3 to 15 weeks period, males (F0) of the FMCD group received the FMCD diet and the other males of the control group (Ctrl) received a normal diet (AIN-93G) containing sufficient folic acid (2 mg/kg), methionine (0.56% of total diet), and choline (0.3% of total diet) (Oriental Yeast Co., Ltd.). Both diets were provided in pellet form and stored at −20℃ until use, with once a week replacement.
F I G U R E 1 Schematic diagram of behavioral testing and mating timeline. Experiments were conducted in two groups, the mice group for mating (top) and for behavioral experiments (bottom). After weaning (3 weeks old), each mouse was fed with either control diet (white bar) or methyl-donors (folate, methionine, and choline)-deficient (FMCD) diet (gray bar). Sperm or brain samples were collected from each group after finishing mating or behavioral experiments, respectively. Each sample was used for gene expression analysis (quantitative real-time polymerase chain reaction; qPCR) and methylation analysis (methylation-specific PCR; MSP). Behavioral experiments were performed on OF: open field; EPM: elevated plus maze; FC: contextual fear conditioning; FE: fear extinction; RE: fear spontaneous recovery
| Breeding
At 10-11 weeks of age, F0 male mice without any training for behavioral experiments mated with same-age C57BL6/J female mice for a week. The female mice were maintained on a Ctrl diet during the mating and perinatal periods. During the perinatal periods, pregnant females were housed solely in breeding cages whose walls were painted black. Litters were culled so that the same number of offspring (n = 8) were raised by each mother. The litter was weaned at the age of 3 weeks and males were housed together (4/cage). F1 males in both groups were fed the Ctrl diet.
| Tissue preparations
Mice were killed by cervical dislocation as soon as each experiment finished. Whole hippocampus was placed in 1.5-ml tubes for centrifugation, immediately frozen in liquid nitrogen and frozen and stored at −80°C until DNA/RNA extractions. Cauda epididymides were excised, trimmed free of fat, and finely minced in PBS to release spermatozoa. The swim-up sperm were collected from pooled epididymal sperm and place them in 1.5-ml tubes of HEPES media (pH 7.2-7.4), incubate them at 37°C. Then, DNA/RNA samples were acquired from the whole hippocampus and pooling sperm of F0 and F1 male mice. 
| Behavioral tests
| Open field test
The open field test (OF) was performed according to our previous studies (Tomizawa et al., 2015) . The OF apparatus was a square white acrylic box (50 × 50 × 30 cm) placed in a soundproof room. For each box, a camera was attached to the ceiling to monitor the mice. Mice were placed in the corner of the floor and allowed to freely move for 10 min. After each trial, all boxes were wiped with 70% ethanol and air-dried. The total distance and total time spent in the center area (16 × 16 cm) were recorded on a computer using Image J OF4 (O'Hara & Co., Ltd., Tokyo, Japan), modified software based on the public domain NIH Image J program (developed at the U.S. National Institutes of Health and available on the Internet at https://rsb.info.nih.gov/ij). The total distance (cm) was analyzed as an index of locomotor activity, and time spent in the center area (%) was used as an index of anxiety-like response.
| Elevated plus maze test
The elevated plus maze test (EPM) was administered according to our previous study (Ishii et al., 2014) . EPM consisted of two open arms 
| Contextual fear conditioning, fear extinction, and spontaneous recovery
All procedures to examine fear-related behavior were conducted over 31 days, with the following experimental phases including habituation, contextual fear conditioning, fear extinction, and fear spontaneous recovery according to our previous studies (Tomizawa et al., 2015) . The conditioning chamber consisted of a square chamber (23 cm × 20 cm × 13 cm), equipped with metal grids, and placed inside acrylic sound-attenuated box (63 cm × 43 cm × 63 cm, black inside all walls, a ventilating fan, and a light and a camera in the side walls). The conditioning chamber was cleaned with 70% ethanol before each testing. Mice were habituated to handling for 3 consecutive days (1 min/day/mouse) and to a conditioning chamber twice (20 min/day/mouse) in 4 days and a day before fear conditioning (FC). In the FC, mice were received three footshocks (0.75 mA, 2 s) at 2-min inter-trial intervals after a 3-min acclimation period. Fear extinction (FE) training for 5 consecutive days was performed approximately 24 hr after FC. Mice were returned to the same conditioning chamber and exposed to the same context for 20 min without footshocks. To measure the effect of FE, fear spontaneous recovery (FR) was performed 3 weeks after the last FE training. As with FE, mice were returned to the same conditioning chamber and exposed to the same context for 2 min without footshocks. We defined freezing as the completely absence of voluntary movement except for respiration (Shoji, Takao, Hattori, & Miyakawa, 2014) . In the experiment, freezing was recorded by a Windows computer connected to a video camera and %freezing (total freezing duration/total duration) was analyzed using Freeze Frame software (Actimetrics Software, Wilmette, IL, USA).
| Quantitative real-time PCR
Total RNA was extracted from the whole hippocampus of mouse brain using the Allprep DNA/RNA Mini Kit (Qiagen, Alameda, CA) and converted to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. The amount of the cDNA was determined with the NanoDrop 2000 spectrophotometer (Thermo Scientific Wilmington, DE). Real-time PCR was carried out using FastStart Universal Probe Master (ROX) (Roche Molecular Biochemicals, Mannheim) and Universal ProbeLibrary Set for Mouse (Roche Diagnostics, Tokyo, Japan). We designed the primers for real-time PCR using the Roche Universal Probe Library Assay Design Center (www.roche-applied-science.com). The following primers and probes were used in this study: Dnmt1, Dnmt3a, Dnmt3b, Gria1, Gria2, Gria3, Grin1, Grin2a, Grin2b, Camk2α, Camk2β, Camk4, Pp1c, Gapdh, and Actβ. Primer sequences were provided in Table 1 
| Methylation-specific PCR
Genome DNA purification was performed on whole hippocam- The primers were designed using Methyl Primer Express v1.0 software (Applied Biosystems) and determined according to four steps in primer design (Davidovic, Bozovic, Mandusic, & Krajnovic, 2014) . All designed M/U primers for assessment of Protein Phosphatase 1-the catalytic subunit PP1c, the imprinted maternally expressed transcript (paternally methylated) H19, and the small nuclear ribonucleoprotein polypeptide N (maternally methylated) Snrpn-were purchased from Eurofins Genomics Inc.
(Tokyo, Japan) and their sequences are listed in Table 1 . Mouse fully methylated DNA and fully unmethylated DNA (Epigendx, Hopkinton, MA) were also modified by bisulfite modification and used as positive controls for MSP reactions. To quantify the bisulfite-treated DNA purified from brain and sperm, we performed quantitative MSP according to the method of Ushijima's Lab (Katsurano et al., 2012; Maekita et al., 2006; Niwa et al., 2010) .
Briefly, PCR amplification was carried out on AmpliTaq Gold 360
Master (Applied Biosystems) or EpiScope MSP Kit (Takara, Tokyo, Japan) according to the manufacturers' recommended protocols.
The number of molecules in the test sample was determined by comparing the amplification of the sample containing a known number of molecules and its amplification. The number of methylated and unmethylated molecules for the genomic region in the sample is separately measured, and the methylation level is compared with the total number of methylated molecules (number of methylated molecules + number of unmethylated molecules) calculated as a percentage. No amplification was obtained from fully methylated and fully unmethylated control DNA using U and M primer, respectively. Products were resolved by electrophoresis on agarose gels and visualized by autoradiography. For every MSP analyses, samples were assayed in duplicate with appropriate negative controls.
| Statistical analysis
All data were analyzed using the SPSS 22.0J (SPSS Japan Inc., Tokyo, Japan) and are presented as means ± or + SEMs, with statistical significance was set at p < 0.05. Student's t-test, one-or two-way analysis of variance (ANOVA), or two-way repeated measures ANOVA were used where appropriate. Student's t-test was used for OF, EPM tests, and gene expression. In more detail, one-way ANOVA was used for the %freezing in FR. Two-way ANOVA was used for comparisons of %freezing in the fifth day of FE (last 2 min during FE) and FR (first 2 min during FR) between groups. For the %freezing in FC and FE, two-way (time and group) ANOVA with repeated measures corrected for multiple comparisons using the Bonferonni method was performed. We used Fisher's Least Significance Difference (LSD) test to identify significant between-group differences following a significant ANOVA.
| RE SULTS
| Open field, elevated plus maze test
In the open field test, we measured the total distance (cm) as an 5′-aatccagggccttctttcag-3′ 5′-cgataatgcactcctcataccc-3′ #94
Gria1
Glutamate receptor, AMPA1 (alpha 1)
5′-agggatcgacatccagagag-3′ 5′-tgcacatttcctgtcaaacc-3′ #62
Gria2
Glutamate receptor, AMPA2 (alpha 2)
5′-cagtttcgcagtcaccaatg-3′ 5′-acccaaaaatcgcatagacg-3′ #32
Gria3
Glutamate receptor, AMPA3 (alpha 3)
5′-actgcttagcaaatcctgctg-3′ 5′-tcattccttgtacttgcacca-3′ #109
Grin1
Glutamate receptor, NMDA1 (zeta 1)
Grin2a
Glutamate receptor, NMDA2A (epsilon 1)
5′-attcaaccagaggggcgta-3′ 5′-ttcaagacagctgcgtcatag-3′ #48
Grin2b
Glutamate receptor, NMDA2B (epsilon 2)
Camk2β
Calcium/calmodulin-dependent protein kinase II beta 5′-aggagactgtggaatgtctgaag-3′ 5′-gccagcatagtggtgaggat-3′ #69
Camk4
Calcium/calmodulin-dependent protein kinase IV 5′-catgaagacagtgtgtggaacc-3′ 5′-cagaccacatgtccacctca-3′ #98
PP1c
Protein phosphatase 1, catalytic subunit
H19 M
Imprinted maternally expressed transcript, methylated
In the elevated plus maze test, we assessed (a) the total distance traveled (cm) and ( 
| Fear conditioning, fear extinction, fear spontaneous recovery
In the current study, we examined whether dietary exposures af- is consistent with the findings of our previous study (Tomizawa et al., 2015) . Two-way repeated ANOVA showed a significant main effect of group (p < 0.05) in %freezing at FE, and the post hoc 
H19 U
Imprinted maternally expressed transcript, unmethylated (Figure 3g ).
| Quantitative real-time PCR
We measured fear memory-related and DNA methylation-related gene expression in the hippocampus of mice fed a Ctrl or FMCD diet. Additionally, we examined whether paternal methyl-donordeficient diets caused alterations in gene expression in offspring mice. In the F0 generation, the FMCD group showed statistically significant down-regulation of the relative mRNA expression levels (Table 2) .
However, statistical analysis showed no significant differences in effects on other gene expression between the Ctrl and FMCD groups (Table 2) .
| Methylation-specific PCR (MSP).
In In addition, to study the epigenetic effect of methyl-donor deficiency on sperm, we investigated the methylation status of imprinted genes in sperm DNA. Real-time MSP was utilized to assess the germline differentially methylated regions (DMRs) of paternally (H19) and maternally (Snrpn) imprinted loci. These DMRs were used in several recent studies to identify imprinted gene-associated DMRs (Choufani et al., 2011; Knezovich & Ramsay, 2012; Liang et al., 2014) . However, we did not observe significant differences in any of the CpGs in this region between the F0-or F1-Ctrl and FMCD groups (Table 3) .
| D ISCUSS I ON
| Behavioral alteration in F0 male mice induced by FMCD diet
When F0 mice were 10 to 15 weeks old, we performed a battery of behavioral experiments as shown in Figure 1 . Of those, significant differences between the FMCD group and the Ctrl group were observed in fear extinction (FE) and fear extinction recall (FR), the elevated plus maze (EPM), and the open field (OF).
Consistent with our previous studies (Ishii et al., 2014; Tomizawa et al., 2015) , F0-FMCD mice showed less anxiety-like behavior in the EPM (Figure 2d ) and impaired fear extinction learning in FE and FR (Figure 3c,d) . Interestingly, similar results were reported by another group, although the experiments differed in terms of animals, nutrients, and time schedule (Javelot et al., 2014) . In their study, a methyl-donor-deficient diet decreased plasma corticosterone levels and resulted in a decrease of anxiety-like behavior due to reduced corticosterone levels. 
| Genetic alteration in F0 male mice induced by FMCD diet
Based on the aberration of gene expression revealed in past studies (Ishii et al., 2014; Tomizawa et al., 2015) , we analyzed the expression of fear memory-related genes, with special reference to NMDA and AMPA receptors, and DNA methylation-related genes in the hippocampus that had shown expression changes in past studies. As shown in Table 2 , no major group differences in expression of selected genes were detected, except for significant differences in the Dnmt1, CaMKIIα, and PP1c genes in the F0-FMCD male fathers. CaMKIIα is an abundant protein in the hippocampus; its expression can comprise up to 1%-2% of all proteins expressed in the region. The processes of fear conditioning and extinction include synthesis of many proteins; of those, CaMKII has a crucial role in the process of learning, as its activation has been reported to induce long-term potentiation (LTP) when conjugated with glutaminergic receptors such as NMDA and AMPA (Lisman, Yasuda, & Raghavachari, 2012) . In addition, CaMKIIα is an isoform especially important in the process of conditional fear consolidation in the hippocampus (Buard et al., 2010; Irvine, von Hertzen, Plattner, & Giese, 2006) by contributing to structural plasticity with the induction of dendritic spine formulation (Jourdain, Fukunaga, & Muller, 2003) . CaMKIIα knockout mice have been reported to show abnormal hippocampal-dependent spatial learning and LTP induction (Achterberg et al., 2014; Silva, Wang, et al., 1992) . In our study, the hippocampal expression of CaMKIIα was significantly lower in FMCD mice than in Ctrl mice. The low expression might explain the impaired fear extinction resulting in the spontaneous recovery of conditioned fear in the FMCD mice. Next, we attempted to explore whether PP1, which is known to directly dephosphorylate CaMKII at postsynaptic sites, thereby regulates the function of CaMKII. In this study, we found that the expression of the catalytic subunit of the PP1 (PP1c) and its methylation status in the promoter region were changed in parallel in the FMCD and Ctrl mice (Table 2 ). This may suggest that the activity balance of CaMKII/PP1
can disrupt normal brain development in FMCD mice. As some of the effects of collapses in the activity balance of CaMKII and PP1, aberrant CaMKII activation likely mediates abnormal actin dynamics, dendritic spine formation, and structural plasticity in hippocampal neurons (Shioda et al., 2011) , which may contribute to retardation of mental development (Kaufmann & Moser, 2000) . That is, the CaMKII/PP1 balance needs to be maintained appropriately. Moreover, it has been reported that a fear conditioning task was strongly associated with dynamic methylation changes in the hippocampus and transcriptional silencing of memory suppresser genes such as PP1c during memory consolidation (Miller & Sweatt, 2007) . PP1 has been reported as a molecular suppressor of fear memory and synaptic plasticity. Therefore, PP1 is considered to be important as a crucial epigenetic regulator of emotional memory (Koshibu, Graff, & Mansuy, 2011) .
| Intergenerational effects of the FMCD in F1 male mice
In the present study, an FMCD diet during the development period In the F1-FMCD male offspring, the methylation of PP1c tended to be elevated, but not significantly. Further research is apparently needed to conclude that those inversion results were affected by the epigenetic alteration influenced by FMCD treatment.
Many researchers have focused on the effects of the inheritance of epigenetic changes, namely DNA methylation, histone modifications, and non-coding RNAs, as carriers of environmental effects to the next generation. In general, epigenetic modifications are wiped out and reestablished with each generation; however, in some cases, the epigenetic state can be transmitted between generations. One epidemiological report has shown that nutritional deficiency of an F0 father or grandfather alters the metabolism in the F1 and F2 generations (Pembrey et al., 2006) . Restricted, low-protein, and high-fat diets have each been reported to alter metabolism by changes of the DNA methylation of specific genes (Burdge et al., 2007; Carone et al., 2010; Hoile, Lillycrop, Thomas, Hanson, & Burdge, 2011; Ng et al., 2014; Wei et al., 2014) . It is striking that these reports suggest that the paternal diet could alter specific gene expression, and the altered genetic effect could be passed on to the offspring. Epigenetic changes in adult male offspring of male parents exposed to nutritional deprivation have been observed at various individual loci (Burdge et al., 2007; Lillycrop, Phillips, Jackson, Hanson, & Burdge, 2005) . A study assessing genomic CpG methylation patterns in the liver genome in mice exposed to a diet supplemented with abundant methyl donors including choline, betaine, L-methionine, ZnSO 4 , folic acid, and vitamin B12 for 2 weeks prior to mating indicated that methylation levels were unchanged even after six generations . DNA methylation. In the present study, however, the FMCD diet did not result in significant differences in sperm DMRs (Table 3) ) and high-dose folic acid supply did not lead to genome-wide alterations in the DMR of imprinted loci in sperm of an infertile man, but did lead to loss of methylation, especially in intergenic and low-density CpG regions (Aarabi et al., 2015) . Importantly, there are regions that are sensitive to environmental disturbances in the sperm epigenome, but it may be wrong to assume that alterations in the methylation status of DMR of imprinted loci are automatically transmitted to the next generation. Identifying which regions of spermatozoa DNA methylation affect the next generation is required in the future.
Finally, several limitations should be considered. First, the observed decrease in the expression of Dnmt1 was not consistent with findings of our previous study (Ishii et al., 2014) . This may be due to differences in the parts of the hippocampus (dorsal or whole) that were sampled between the previous and present study. In fact, in a previous study with a methyl-donor-deficient diet, decreased protein levels of Dnmt1 were observed in the whole brain tissue (Pogribny et al., 2008) . In addition, as Dnmt1 decreases, it has been reported that expression of Dnmt3 increased as a compensatory mechanism since it did not work sufficiently to maintain DNA methylation (Liang et al., 2002) . In this study, we did not divide the hippocampal subregions to collect enough amount of samples to examine hippocampal genetic changes comprehensively. A further study is needed to identify which subregion of the hippocampus would be more critical for the expression of Dnmts. Second, the possible effect of the involvement of methyl donor supplementation during the mating period cannot be ruled out. In order to avoid exposure of mothers to methyl-donor deficiency, F0 fathers ate the Ctrl diet throughout the one-week mating period because they were sharing the environment with their mating partners. In addition, it should be noted that the early environment during the neonatal period (P0-P21) between the F0 and F1 mice was different because F0 mice were purchased when they are 3 weeks old, and the F1 mice were born at our facility. The early environment including the breeding environment (e.g., mother's diet) could impact their behavior. Third, there were also practical limitations to complete gender balance in the F1 experiments. It is also important to investigate whether the female descendants would be affected by the father's methyl-donor deficiency. A future study of this should carefully consider estrus cycles in the female animals.
In conclusion, we demonstrated once again that a methyl-donordeficient diet could induce alterations in the hippocampal-related behavior and gene expression and related DNA methylation status.
Following these results, we investigated whether these changes in the F0 generation could be inherited in the next generation and found evidence that behavior and gene expression of the F1 generation could be altered due to differences in the father's intake of methyl-donor nutrients.
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